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Our limbs evolved from fish fins as vertebrates colonized aquatic shallows and land. If we understood
the genetics underlying this transition, could we build a limb on a fish? In this issue of Developmental Cell,
Freitas et al. (2012) show that boosting Hoxd13 expression can bring zebrafish one step closer to terra firma.The transition from water to land by tetra-
pods during the Devonian is one of the
most fascinating evolutionary events in
vertebrate history. Among the various
adaptations associated with life on the
ground, the conversion of fins into limbs
capable of enabling walking on water
bottoms, shallows, or land was para-
mount. During this stage, the basic
segments of the tetrapod limb were es-
tablished: a long proximal bone (stylopod)
followed by two other long bones (zeugo-
pod) and a distal compartment formed by
nodular bones of the wrist and the digits
(autopod). Two major innovations—the
loss of the fin rays (a major fin component
of extant and extinct ray- and lobe-finned
fish) and the emergence an autopod with
digits—led to the modern tetrapod limb.
The development of a dermal skeleton
consisting of fin rays is determined by
the fate of the apical ectodermal ridge
(AER). In developing limb buds, the AER
secretes Fgfs and maintains limb proxi-
modistal growth until digit patterning is
in progress. In developing fins, the AER
forms but is soon converted into a finfold.
As a result, growth and proliferation of the
endoskeleton are severely reduced, and
the finfold develops into the dermal skel-
eton. Conversely, the gain of a distal
endoskeleton and the origin of digits are
chiefly associated with the activity of
50Hoxd genes. In both developing fins
and limbs, a first phase of 50Hoxd gene
expression is associated with the devel-
opment of proximal skeletal elements. A
key tetrapod feature is the presence of
a second phase of 50Hoxd gene expres-
sion in the digit-forming domain. This
second phase of expression is observed
in some fishes, but without recapitulating
the expression pattern seen in tetrapods
(Shubin et al., 2009). Hence, it has been
proposed that the origin of the autopodis linked to the evolution of a second
phase of 50Hoxd expression (Woltering
and Duboule, 2010). In support of this,
several enhancers were found to act in
concert to produce robust expression of
50Hoxd genes in the autopod (Montavon
et al., 2011), and only one of these
enhancers promotes fin expression in ze-
brafish (Schneider et al., 2011). In this
issue of Developmental Cell, Freitas
et al. (2012) reason that if the tetrapod-
specific second phase of 50Hoxd expres-
sion arose by the acquisition of novel
enhancers, then the trans-acting factors
and downstream target genes should
have been present in the last common
ancestor of fishes and tetrapods. In other
words, if novel enhancers led to increased
50Hoxd gene expression and gain of en-
dochondral skeleton in tetrapods, then
artificially boosting Hoxd gene expres-
sion in developing fins should result in
changes consistent with the gain of distal
endoskeleton.
To achieve this, Freitas et al. (2012)
injected zebrafish embryos with a hor-
mone-inducible construct consisting of
the zebrafish hoxd13a gene fused to a
glucocorticoid receptor (hoxd13a-GR).
The addition of the hormone dexametha-
sone (Dex) at specific developmental
stages resulted in hoxd13a overexpres-
sion in a time-controlled manner. At
30 hr postfertilization (hpf), when develop-
ment of distal fin structures is underway,
addition of Dex resulted in thickening
and reduction of the finfold, which would
normally form the dermal fin rays. Further-
more, analysis of hoxd13a-overexpress-
ing fins revealed a distal expansion of
the endoskeletal territory toward the
affected region, as evidenced by cartilage
staining, and Sox9 and col2a1a expres-
sion, which are normally not observed in
the finfold. Importantly, similar resultsDevelopmental Cell 23, Dewere obtained when hoxd13a overex-
pression was achieved by alternative
methods such as the use of constructs
carrying a hoxd13a-GFP fusion gene
under the control of either heat-shock
protein 70 or the col2a1a promoters.
The apparent conversion of the finfold
into a chondrogenic tissue is consistent
with the developmental steps leading to
an autopod, but does hoxd13a overex-
pression provide distal fin tissue with an
autopodial identity? Freitas et al. (2012)
found that hoxd13a-overexpressing
fins with reduced finfold tissue displayed
an anterior expansion of endogenous
hoxd13a. In addition, the expression
domains of distal limb markers such as
hoxa13b, cyp26b1, and pea3 expanded
into the truncated finfold. On the other
hand, fgf8a, which typically marks the fin-
fold, was expressed in a narrower
domain. Expression of the and1 gene,
which encodes a structural component
of the dermal skeleton (Zhang et al.,
2010), was progressively reduced in
hoxd13a-overexpressing fins. These find-
ings are all consistent with the conver-
sion of the finfold into a distal limb-like
territory.
The loss of the finfold is one of the steps
toward building an elaborate distal endo-
skeleton, but increased cell proliferation is
also necessary. Accordingly, the modified
finfold of hoxd13a-overexpressing fins
displays increased cell proliferation, as
evidenced by BrdU incorporation and
expression of cyclin d1.
Finally, if upstream trans-acting factors
promptly recognized novel 50Hoxd en-
hancers during tetrapod evolution, then
these factors should have been present
prior to the autopod origin. To investigate
this, Freitas et al. (2012) focused on CsC,
a tetrapod-specific regulatory element
that is part of the enhancer machinery ofcember 11, 2012 ª2012 Elsevier Inc. 1121
Figure 1. hoxd13a Overexpression Promotes Increased Cell Proliferation and hoxa13b
Expression in the Finfold
The fins of wild-type zebrafish (upper left) at 90 hr postfertilization (hpf) are composed of an endoskeletal
disc (Ed) and a finfold (Ff). Cell proliferation as a measure of the number of nuclei (blue) stained with BrdU
(red) is generally restricted to the tip of the endoskeletal territory in wild-type fins at 150 hpf (center left). At
120 hpf, the expression domain of hoxa13b is limited to the endoskeletal disc (bottom left). Glucocorticoid-
mediated hoxd13a overexpression (hoxd13a-GR) causes truncation of the finfold (upper right), increased
cell proliferation (center right), and expansion of hoxa13b expression into the finfold domain (bottom right).
A dashed yellow line in the center and bottom panels marks the boundary between the endoskeletal disc
and the finfold.
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producing stable transgenic zebrafish
lines carrying a construct with GFP driven
by the murine CsC, the authors observe
GFP expression in the posterior distal
mesenchyme at 30 hpf, which expanded
distally and anteriorly as fin development
progressed.1122 Developmental Cell 23, December 11, 2The work of Freitas and colleagues
(2012) brings us closer to understanding
how the shared developmental mecha-
nism between fins and limbs may have
been altered during the evolutionary tran-
sition between the two. Interestingly, the
overexpression phenotypes obtained by
Freitas et al. (2012) promote both the012 ª2012 Elsevier Inc.reduction of the finfold and an autopod-
like expression profile, unifying the two
principal events leading to the evolution
of a digited autopod (Figure 1). Unfortu-
nately, the lethality resulting from hoxd13a
overexpression prevented analysis of
potential alterations to the fin skeletal
pattern. Nevertheless, the findings pro-
vide a strong argument for the central
role played by Hoxd13 modulation in the
origin of the autopod.
Finally, Freitas et al. (2012) propose that
gain of Hoxd13 expression in fins could
have been a result of the appearance of
novel cis-regulatory elements. While we
know much about how Hoxd expression
is controlled in mice, very little is known
of Hoxd regulation in fishes. Hence, it is
crucial to determine the regulatory mech-
anisms of 50Hoxd gene expression in fins.
By identifying the shared and derived
components of this regulatory circuitry,
we will gain a better understanding of
how the tetrapod limb evolved.REFERENCES
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